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Abstract 
Here, we revisit the hypothesis proposed by Zhu, Blum, and Veblen at WRI-11 for explaining the apparent 
discrepancy between field and lab rates. Substantial laboratory experimental data and numerical modeling 
experiments now support this hypothesis, and they show that the coupling between various dissolution and 
precipitation reactions leads to a quasi-steady state, at which dissolution reactions proceed at rates orders of 
magnitude slower than the far-from-equilibrium rates. The specific steady state in a system is determined by the 
relative rate constants, surface areas, and by the r – ΔGr relationships for the dissolution and precipitation reactions. 
Evaluation of reaction kinetics must not consider a single overall reaction as an isolated event, but as a part of a 
reaction network.  
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1. Introduction 
At WRI-11, we presented a paper entitled “Feldspar dissolution rates and clay precipitation in the 
Navajo aquifer at Black Mesa, Arizona, USA”[1]. In that article, we proposed a new hypothesis for 
explaining the apparent discrepancy between laboratory-measured and field-estimated feldspar 
dissolution rates:  
The slow kinetics of secondary clay precipitation is the rate-limiting step and thus controls the overall 
feldspar dissolution rate. Clay precipitation removes solutes from the aqueous solution, maintaining a 
condition of feldspar under-saturation. This makes additional feldspar dissolution possible, but the slow 
clay precipitation results in a quasi-steady state in which the aqueous solution is near equilibrium with 
feldspar. Therefore, slow clay precipitation could effectively reduce feldspar dissolution rates by orders 
of magnitude. 
 
In the intervening eight years since WRI-11, we tested this hypothesis by conducting a series of batch 
experiments[2-5] and numerical simulations of coupled dissolution and precipitation reactions[4, 6]. 
Results showed that secondary minerals were not at equilibrium with the aqueous solutions, but that their 
precipitation was likely controlled by kinetic processes that are slower than their dissolution rates. Partial 
equilibrium between secondary minerals and aqueous solutions was not observed. The reaction network 
effects bring the difference between the field and lab rates closer by about two orders of magnitude at 
elevated temperatures of 200-300oC[4]. Zhu’s chapter in volume 70 of Review in Mineralogy and 
Geochemistry[7] has summarized the historical development of the topic and its role in the overall picture 
of water-rock interaction. 
 
Here we introduce some salient points of this hypothesis and give an example to illustrate how the 
coupling works. However, before we proceed to the details, we would like to emphasize the significance 
of this problem.  
 
One may argue that the apparent lab-field rate discrepancy is a well-worn problem, and so question 
why someone would want to continue to push for this issue. Indeed, geochemists have, for a long time, 
known the apparent discrepancy [8-11], which is significant (up to 2 – 5 orders of magnitude) and can 
lead to dramatically different modeling results. However, although there is voluminous literature on the 
topic, this discrepancy is not completely resolved and the relevance of this subject to current societal 
needs accentuate the urgency for resolving this long-standing problem.  
 
A case in point is geological carbon dioxide storage. Geological storage of CO2 is one of the most 
promising options for mitigating global warming, and currently there are large scale R&D and field test 
projects in many countries including the USA. The storage is accomplished by deep underground 
injection into geological formations. But is the storage safe?  
 
Sandstone host rocks and shale caprocks typically consist of 10 – 20% feldspars. To the best of our 
knowledge, there are currently no U.S. federal regulations on the performance period. Nor are there 
regulations on the performance periods in other countries, as far as we are aware. However, if the 
performance period is 10,000 years, the dissolution of feldspars, commonly regarded as being slow, could 
have significant impact on reservoir host rocks.  
 
For example, Liu et al.[12] conducted a multi-phase reactive flow and transport modeling study for 
CO2storage in Mt. Simon sandstone, a major candidate reservoir in the Midwest of the USA. In the 
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Fig. 1.Ratios of dissolution rates at steady state (Rx) and far from 
equilibrium rates (Ro) as a function of Gibbs free energy of cristobalite 
dissolution reaction. Scenarios A-E use different reactive surface areas 
of quartz and cristobalite. Solid symbols using TST rate law for both 
dissolution and precipitation, open diamond and triangle using a 
Temkin coefficient of 2 for quartz and cristobalite, respectively.  
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model, one million tons of CO2was injected into the Mt. Simon sandstone each year, and injection 
continued for 100 years. The long-term fate of CO2 was simulated by extending the modeling period to 
10,000 years. The sandstone originally contained 21% K-feldspars and 0.4% plagioclase. Dissolution of 
CO2 into the brine caused acidification and the brine pH decreased to as low as 3.5. Acidified brine 
dissolves feldspars. Model simulations showed that all the 21% feldspars were dissolved within the first 
100 meters downstream from the injection well. Although porosity changes in the reservoirs are hard to 
predict accurately based on the volumes of feldspar dissolved and secondary mineral precipitate, one 
would expect that dissolution of ~20% feldspar, and the attendant precipitation of secondary clayey 
minerals as a result, would seriously damage the reservoir, which could become an issue in permitting 
processes. 
 
Are these modeling results realistic? Can the results be used in the regulatory context? As the field 
pilot tests near the stage of implementation, this academic question turns into practical concerns.  
2. How Are the Reactions Coupled? 
Zhu et al. (2010)[4] elucidated how dissolution and precipitation reactions are coupled in batch reactor 
experimental systems at elevated temperatures. They examined the albite dissolution and sanidine 
precipitation experiments by Alekseyev et al.[13] at 300 °C, 88 bars and their own feldspar hydrolysis 
experiments at 200 °C, 300 bars and 
compared the experimental data with 
numerical reaction path modeling. 
They found that the precipitation of 
secondary minerals first provides a 
positive feedback to the feldspar 
dissolution reactions, but soon the 
feedback mechanism turns into a 
negative, which results in a quasi-
steady state in the system. At the quasi-
steady state, the ratios for dissolution 
and precipitation rates are fixed when 
the rates are expressed in unit of mol s-
1 kgw-1, and the dissolution reaction 
proceeds at an almost fixed value of 
ΔGr, the Gibbs free energy of reaction 
for the feldspar dissolution reaction. For 
the experiments by Alekseyev et al.[13] 
and Fu et al.[2], the steady-state 
dissolution rates are a factor of  0.01 of 
the far from equilibrium rates.  
 
The point at which a steady state is reached and under which feldspar dissolution continues at a 
retarded rate is a function of (1) relative rate constants; (2) relative surface areas; and (3) the r – ΔGr 
relationships for the dissolution and precipitation reactions, where r is the rate of reaction in mol m-2 s-1.  
 
For the same conclusion, one can consider an even simpler system, for example the dissolution of 
cristobalite and precipitation of crystalline quartz. Reaction path modeling shows that by varying the 
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reactive surface areas for the two minerals and the r – ΔGr relationships, various steady states can be 
reached (Fig. 1) 
3. Concluding Remarks 
It is apparent that the rates at which minerals dissolve and precipitate depend on how these reactions 
are coupled in a complex reaction network. Laboratory measured far from equilibrium rates provide 
information on rate constants. Our attention therefore should turn to the r – ΔGr relationships for both 
dissolution and precipitation reactions, to surface areas, and to the kinetics of precipitation reactions. 
Currently, we are using innovative new techniques to overcome the challenges of conducting laboratory 
experiments at ambient temperatures and are collecting experimental evidence at the ambient 
temperatures, which will more directly support our hypothesis.  
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